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Fusion is an extremely dense energy source

Fusion energy:

3 gal of DT ice

Chemical energy:

Supertanker full 

of carbon dioxide rich oil



Could we build a miniature sun on earth?



Laser-driven Inertial Confinement 

Fusion

The experiment requires a thin-walled, millimeter-sized, perfectly 

spherical shell (ablator) made of a low atomic number element (Be, B, C)

Laser driven compression of a millimeter-sized capsule that contains a 

mixture of  deuterium and tritium to extreme pressures and temperatures

• ~ 1MJ laser energy

• ~ 3 milllion degree X-ray 

bath

• ~ 100 million atmosphere 

ablative rocket drive

• Accelerates shell to ~ 350 

km/s

R TDT

Compresses & heats

core, PdV



National Ignition Facility



National Ignition Facility



National Ignition Facility
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The NIF-laser beamline - One of 192 beams

1.89 MJ FNE 3 energy N090108-002-999
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There are various designs to achieve ignition   

Ablator

Sponge/

DT ice
2 mm

Fast Ignition Target

NIC Ignition Platform

5 mm

NIC Ignition Target

DT gas

DT Ice

Ablator

2 mm

Be

Ignition Double Shell

3 mm

Ablator

DT gas

Nanoporous 

meterial



The NIF point design has a graded-doped, CH capsule 

in a U hohlraum driven at 285 eV by 1.22 MJ

Hohlraum Wall

Laser Beams

Laser Entrance Hole
Hohlraum Fill:  He at 
0.9 mg/cm3 to control 
symmetry and minimize 
Laser Plasma Interactions

10
mm Capsule fill tube <15 μm to 

minimize perturbation to fuel

Graded-doped CH Capsule 

with cryo fuel layer 

Cryo-cooling Ring

°
°

°
°

NIF-0509-16310.ppt 12



Expanded view of an ignition target

13

Outer radiation shield

Outer radiation shield

Inner radiation 

shield
Sensor 

radiation 

shield

Cold finger

Tent

Capsule w/fill tube

Hohlraum

Half

Thermo-

mechanical 

package 

with Si 

cooling arm 

and sensors 

and heaters

Laser 

Entrance 

hole and 

window

Diagnostic 

band

Hohlraum gas line



CH Rev5
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Notes:

1. All dimensions and densities are at cryogenic temp

2. Room temperature lengths bigger by 1.013, densities 

smaller by 0.962

3. CH density and oxygen fraction are linearly related 

with slope 0.018 g/cc per at% oxygen. Indicated 

densities are for 0.5 at% oxygen.

4. All compositions are atom-%

5. Indicated 3He is for 31 hours age

6. *T fraction is adjusted to achieve 100% total atom-%

CH composition

C 42.3 at%

H 57.2 at%

O 0.5 at%

No other  nominal 

impurities. Net 

impurity presence 

constrained by 

radiography.

Fuel ρ D at% T 1H 3He

Solid 0.255 g/cc 50±3 * 0.75±0.25 0.01±0.01

Gas 0.3 mg/cc 60±3 * 1.0±0.25
+0.2

-1.0
1.0

CH+Ge

0%  1.069 g/cc

0.5% 1.108 g/cc

1.0% 1.147 g/cc

0.5% 1.108 g/cc

0% 1.069 g/cc

Tube 10 µm OD SiO2

Hole 

5µm D

1108 µm

(190)

(68)

975 

962

923

918

850

928
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~ 2 mm diameter

Ignition design CH shells have been developed that meet NIF specifications

18 µm

40 µm

150 µm

Counterbore fill hole in CH:Ge
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Target fabrication issue: defects on mandrels will 

grow into “domes” which affect mix mass

• GDP coating is omni-
directional

• Can predict dome size from 
seed size

• Height is unchanged

• Tested by using seeds of 
known size

Defect of initial height h 

& width 2w

Sw

h

2w

1 um spherical seed after 200 um coating:

~ 40 um wide, 1 um tall dome , 150 ng of mix mass
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SEM of ―isolated‖ defects



Surface quality of CH capsule has greatly improved 

with new finishing techniques

As-deposited CH Capsule

Conventional Polish (2009)

Advanced Finishing (2010)

50 m

10 m

10 m
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Mid-modes (10-100) still meet specification after 

polishing measured by atomic force microscopy
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We are working on reducing polishing induced mid-mode roughness 



2mm
NIF-1208-15821.ppt

19



20

Using ion assisted deposition we have 

improved the microstructure of the Be shells

NIF-0309-16124.ppt Hamza, NIF & PS DRC, March 31 - April 2, 2009

Maximum void size ~200nm 

— Volume < 0.04 m3

Transmission electron 

micrograph of high

density/gas retentive shell

Transmission electron micrograph 

of twisted structure/

leaky shells ca 2005

Maximum void size ~10 m 

— Volume > 1 m3

20



Effect of ion-assist on morphology of 

sputter deposited Be

(002) basal texture (101) texture

No bias 40V bias

Ion-assist in sputtered beryllium leads to a texture transition

Simulations indicate the lower Ehrlich-Schwoebel barrier on the (101) texture 

leads to denser microstructure and smoother surface



Effect of the Ehrlich-Schwoebel barrier

The size of the Ehrlich-Schwoebel (ES) controls the 

growth mode (2D step flow versus 3D)

EES = 0.25 eV

Large ES barrier leads to 3D 

growth and porosity 

E

X

EES ~ 0.06 - 0.09 eV

E

Small ES barrier leads to 2D 

step flow and higher density

(0002) 

texture

60 nm
(1011) 

texture



2 mm



HDC inner and outer surface finish

24

Synthetic 

diamond 

NIF Standard

Power spectrum for 

HDC capsule outer surface 

from atomic force sphere mapping

White light interferometry of HDC 

capsule inner surface

< 5 nm colloidial

diamond seed particles 

lead to 3 nm rms inner 

surface roughness



Forming layers of solid hydrogen
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Beta-layering* reduces the bump height as 

DT sublimes from the warmer region (due 

to beta-decay of tritium) and condenses on 

colder surfaces

* J. K. Hoffer and L. R. Foreman, PRL 60, 1310 (1988)

DT 

sublimation

DT 

condensation

Warmer region

T Qh2 /2

Liquid DT

T

Liquid self heating provides thermal gradient 

during formation that helps limit rate of solid 

growth

The power generated by the DT divided by the 

heat of sublimation gives a natural time 

constant

T ~ 1500 J/mole/(0.977 watts/mole) = 25.6 min

Seed crystal

Beta-layering helps produce a spherical shape, 

but does not smooth small-scale roughness 



Key DT fuel layer specifications
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Local Defects

K
1

V fuel
A j
2 L j

j 1

n

And 

Max groove area < 200 µm2

K < 0.7 µm

where

High ModesLow Modes

NIF Power Reqmt (1D) NIF Power Reqmt (1D) Groove Area and Length

L
o

w
 m

o
d

e
s

High modes

L
o

w
 m

o
d

e
s

High modes

0.93 µm RMS 0.83 µm RMS

Hohlraum Thermal Eng Beta Layering Target Fab Issue



The main source of roughness in high quality layers 

is grooves between low angle grain boundaries
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Thermal gradient

provided by the 

tritium makes the 

grooves stationary.



The main source of high mode roughness in high 

quality layers is grooves between low angle 

grain boundaries
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Measured Profiles

Characterized 

groove

T=19.5K

X-ray imaging direction

2 mm

d = 7.5 µm

w= 27 µm

X-ray image

0

2

4

6

8
-50 -25 0 25 50

y
 (

m
)

x ( m)

Local defects are vapor-etched grooves formed at small-angle grain-boundaries

Formation of grain boundary grooves is

a common phenomenon in crystalline materials

Orthogonal optical and x-ray images



High quality DT layers are formed by single crystal growth 

Hamza, Dr. Steven E. Koonin - July 7, 2010 29NIF-0710-19435.ppt

Rapid cool

~ 10 s



Layering-FastCool-092907-S

Layer produced in spherical hohlraum, 

vertical fill-tube.  C-axis in the plane of the image

Hamza, Dr. Steven E. Koonin - July 7, 2010 30NIF-0710-19435.ppt



First ice layer in a THD target meeting all 

measureable ice specifications

Low Mode Sum – Spec = 0.93 µm High Mode Sum – Spec = 0.83 µm

+ 45 0.65      0.31

- 45 0.83      0.39

LEH 0.41      0.28

Acceptable layer yield 30%

Xray view through 

starburst

Ice layer

Capsule 

Inner wall

Capsule 

Outer wall

NIF-0710-19435.ppt 31

Hohlraum thermal 

engineering

Beta layering & 

single crystal growth

Ice layer power spectrum



Ablator

Foam/

DT ice 2 mm

Fast Ignition Target

New Scientific Capabilities Are Required to 

Meet the Challenges of Fast Ignition Capsules 

New Challenge
• Low density, open cell, hydrocarbon foam shell, robust enough to 

handle wetting by hydrogen

Foam shell
- 100 micron thick

- 30 mg/cc density DT gas



Lawrence Livermore National Laboratory
Aerogels are open cell, low density materials

Predictive

Synthesis

Lanthanide
s

Nb2

O5

Sn

O2
WO

3

ZrO2

NiO

= Organic 

compositions

= Monolithic

compositions

prepared

Our Natural Starting Point is Sol-Gel Chemistry

Aerogel

supercritical
drying

Solution

gelation

Wet Gel

= Multi-component compositions



Chemistry-in-a-capsule 

ablator

shell

chemistry-in-a-capsule

outside-in

Plug hole

temporarily

Supercritical

drying
Spin coat

+

cure

Use shell 

as beaker

Sol

challenges Effect/problem solution

Picoliter volumes Gibbs–Thomson effect Ionic solvents, microfluidics

Mechanical robust and 

defect free aerogel liner

Shrinkage can induce cracking

Aerogel must survive hydrogen wetting
Develop new aerogels

Uniform layer/wetting Viscoelastic properties at sol-gel transition Tune aerogel chemistry

Controlled gel time Catalyst deactivation by surface groups Surface engineering



y
x

z

Micromanipulation 

stage

Syringe

Pump

Micro-

Pipette

Picoliter delivery of aerogel precursor solution

Ru

PPh3

PPh3

Cl

Cl

Ph
+

polymerization



Developed new non-shrinkage low-Z aerogel

Dicyclopentadiene 

(DCPD) monomer DCPD crosslinked 

polymer network

Ru 

catalyst

1 cm

Image of 200 mg/cc 

DCPD aerogel

processing 

• density range: 30-300 mg/cc 

• surface area:  200- 400 m2/g

• pore size:  20-30 nm

50 nm

TEM Image of 30 mg/cc 

DCPD aerogel



Aerogels in Liquid & Solid Hydrogen

Filling the aerogel-

containing chamber 

with liquid hydrogen

Ice forms at coldest edges 

first, bubble forms as H2

contracts during freezing.

Quickly freezing leads to 

porous, milky-white central 

region

Slowly freezing: transparent 

ice with irregular bubble 

(~12K). (~8K: cracking 

throughout ice)

No visual evidence of cracking observed



Synthesis of ultra-low density 

low-Z aerogels inside a capsule

Synthesis of uniform, low density (<30 mg/cc), iodine-doped (1019 I/cc = 

3x1015 I in a 20 m thick foam liner) DCPD aerogels inside a capsule. 

Radiograph of a capsule completely filled 

with an iodine-doped DCPD aerogel Doping required for aerogel imaging
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-1.0 -0.5 0.0 0.5 1.0

cross section
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~30 m thick DCPD gel layer

20 m thick diamond shell

Problem: Uniformity

Ultrathin nanoporous foam liner 



Alternative capsule liner materials

Carbon nanotube reinforced carbon 

aerogels

Worsley M.A. et al. 2009 Appl. Phys. Lett. 94, 073115

Worsley M.A. et al. 2009 J. Mater. Chem. 19, 3370

Worsley M.A. et al. 2008 Langmuir 24, 9763

500 nm

Requires high temperature pyrolysis, but 

elastic behavior up to very large (~90%) 

strains

Si wafer

Si wafer

Crosslinked DCPD

DCPD Ru catalyst

top

100 nm

Cross-linked polymer brushes
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Be

Ignition Double Shell

3 mm

Fabrication of the ignition double-shell target is a  

Grand challenge

• Filling metallic inner 

shell to 790-atm DT gas 

without introducing shell 

defect (never done at 

this scale)

[higher risk]

• Microassembly with 

precision to less than 2 

m (concentric shells 

done to 1.4 m)

[low risk]

• Assemble with 790 atms

DT gas intact until shot 

time (never done) 

[medium risk]
• High-strength inner shell 

capsule to contain 790-

atm DT (never done at 

this small scale) 

[high risk]

• Density graded metallic 

shells (never done) [high 

risk]

• Ultra-low-density

(<100 mg/cm3) foam, sub 

500-nm pore size

(never done)

[highest risk]

Nanoporous materials

Advanced high-

strength materials

Advanced high-

strength materials

Novel 3D Fab
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Challenge: Control of hydrodynamic growth

Au/Cu

DT

Be

Foam

-50           0           50

m

100

0

Unstable design

m

100

0

100

Be

Cu-Foam 

Au/Cu

DT

Au
0

-50           0           50       

Stable design

Capsule dimension at peak neutron yield

Hydrodynamic instability mitigation is a key 

issue

Potential Solution:

Graded

electro-deposition

of Au/Cu 

+ 

mid-Z foam
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A significant effort has gone into developing 

Double Shells with unprecedented concentricity

There is no longer a seam in the aerogel

 
 

Improved optics 

allow in-situ 

metrology with 1-2 

µm accuracy to 

machine aerogel 

concentric to an 

embedded capsule
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Assembly of the double shell target is a major 

accomplishment

100 nm 

channel

•Simulations showed 

the joint between the 

hemishells must be 

filled and density 

matched to avoid 

instability

•We picked 1% 

brominated

cyanoacrylate to match 

the 2% bromine doped 

CH ablator

2% Brominated

plastic outer shell

SiO2 foam

SiO2 inner 

capsule
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Feature Spec Measured 

value

Concen-

tricity

3 μm 1.40 μm

Δr at joint 

in the 

ablator

0.5 μm < 0.5 μm

Voids or 

gaps

< 10 μm No 

visible 

voids

Ablator t 

uniformity

1 μm 1 μm

Transmission radiograph of Double Shell target

Newly developed capabilities have led to Double 

Shell targets that meet all of the specifications

First article results



Author-7/28/2010-46

100 µm

Finished Double Shell



We are engineering materials with high strength by 

controlling grain size

A Hall-Petch plot of grain size d-0.5 (nm-0.5) with strength σ (MPa) for Au [1] as well as 

upper-bound strength values for nanocrystalline Au-4 wt.%Cu, and Au-(12-19)wt.%Cu. 
[1] R.D. Emery and G.L. Povrik, Acta Mater., 51 (2003) 2079 



Tin doping maintains Au/Cu alloy strength 

after annealing at 430 C

Sn doped graded composition Au/Cu 

maintains strength at temperature 430 C

Minimum Strength

Safety factor 1.5

Minimum 

ductility

Composition graded Au/Cu from 90wt% to 40wt% Au

Sn doping 5 wt%

Sn doped graded composition

Au/Cu maintains nanograin

size (10-20nm) at 430 C



We are making progress producing Au/Cu 

shells

 

10 micron thick Au/Cu shell

electro-deposited on glass 

mandrel

Thicker shells are required; smoothness specification is needed



We have made ~35 m thick Au/Cu/Sn capsules

980 m

Have not yet been successful at filling

Polished capsule 

courtesy of GA

SEM of FIB cross-section

of Au/Cu/Sn capsule

76%Au/20%Cu/4%Sn

Glass mandrels 

courtesy of GA



We have developed the ability to make low density 

pure metal foams 

Nanoporous materials: Gold

Ultralow density 2% relative density

3

Nyce, G. W, et al., “Synthesis and characterization of hierarchical porous gold materials,” 

CHEMISTRY OF MATERIALS 19 (3): 344-346 FEB 6 2007 



We can produce 10% relative density copper 

foam

PAMS 

bead
Cu/PAMS bead

Cast Cu/PAMS beads Cast hollow Cu shells

Cu electroless

deposition

Cast
Bakeout

300 oC

50 m 5 m

SEM image of Cu foam (10% rd) SEM image of Cu foam (10% rd)



Copper foam is surprisingly robust

Machined Steps in  10% relative density Copper foam

Top View Side View



Ligament size determines strength

Nanoporous gold is surprisingly strong

100

1000

10
4

0.01 0.1

Ashby Gibson Theoretical Hardness v Inverse root Ligament 4:17:45 PM 4/13/2006

nanoindentaion test
pillar compression test [20]

y = 301.53 + 9524.6x   R
2
= 0.70039 
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Ashby-Gibson 

computational model 

prediction



Robust CuO aerogel at 50 mg/cc has been 

synthesized

CuO aerogel billet on lathe Diamond turned CuO aerogel



Could we build a miniature sun on earth?





4 manipulator

Confocal microscope

Capsule Fill Tube Assembly 

(CFTA)

Manipulator

A new CFTA Mapper will combine confocal microscopy with a 4π

manipulator to quantify capsule cleanliness prior to final assembly

Data post-processed to locate 

particles and determine their 

volumes

40

0 10 20 30 40
0

10

20

30

Position (µm)

µm3

Capsule surface 

height data
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• 120 um resolution (~ < mode 25)

• Source size and brightness

• Detector size

• S/N : Poisson statistics driven by 

counting time

• Optical depth : thickness OR density

(including dopant) non-uniformity

Precision radiography measures optical depth 

variations around the capsule in ignition shells 
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Mode #

Specification

8CH18-06 Rev 3 Pure CH

8CH18-04 Rev 3 Pure CH

1 mm

(16 rows)

2 mm

(144 pixels/row)

rotation

detectorsX-ray beam

Precision Radiograph Optical depth variations 

• Shells produced meet the optical 

depth variations to within noise floor 

and instrument resolution

• Longer counting time drops noise 

floor

• Synchrotron imaging currently to 

reach modes of interest (~ 60 )

58 hrs

18 hrs

spec

Hamza, Dr. Steven E. Koonin - July 7, 2010



Atomic Force Microscopy is used to characterizes 

shell surfaces

Hamza, Dr. Steven E. Koonin - July 7, 2010 60NIF-0710-19435.ppt
Surface: AFM 

1) AFM measures rotating 

shell on equator

2) 1 equatorial & 18 polar 

traces cover the surface.

4) Power spectra compares 

to NIF spec

3) Traces capture surface figure 

and roughness

AFM is good for a Fourier analysis of the surface, but not for isolated defects



Phase sensitive diffractive interferometry (PSDI) is 

used to characterize localized defects
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500 m

Optical fiber 

from laser 

(measurement)

Optical fiber 

from laser 

(reference)

Height Map of CH 

capsule

Depth resolution 

~ 0.01 µm, lateral 

resolution ~ 2-7 µm

PSDI covers 100% of the surface area

• ~140 medallions with ~2x 

oversampling



New finishing process can significantly reduce/eliminate mixed 

mass by reducing bump heights

*First Pre-pilot capsule at GA after Facilitization (10CH70-07) 5-20-2010

15,257 defects

Mixed Mass > 170 ng

PVRMS = 7.2  um

118 defects

Mixed Mass < 25 ng

PVRMS = 1.5 um

Pre-Polish

(Optical micrograph & PSDI 

measured defects)

Polished

(Optical micrograph & PSDI 

measured defects)

40 m 40 m

NIF-0710-19435.ppt 62
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Radiograph of Shimmed HT

66 micron thick HT layer in  0.93 

scale Be shell

Power Spectra of 3 views 

Meets both high and low mode 

PSD specs

•Yield of layers that meet specifications is ~30%

• Similar yield for HT and DT layers

Fuel layers that meet measurable specifications are 

being formed

Hamza, Dr. Steven E. Koonin - July 7, 2010 63NIF-0710-19435.ppt

tent

Capsule

Cu-doped 

region

HT layer



Modes 1 to 6 are controlled by the thermal field of 

the hohlraum

• Modes are conventionally 

described as a fourier series.

• Modal amplitudes b1 and a2 are 

actively controlled by 

“shimming” heaters

• All other low modes are 

controlled by the geometry of 

the hohlraum and quality of the 

assembly.

64

R R0 an cos(n ) bn sin(n )

Arm 

shimming 

heater

Hohlraum

shimming 

heater.

NIF-0710-19435.ppt Hamza, Dr. Steven E. Koonin - July 7, 2010



Layering timeline at NIF
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Adjust fill

Freeze

melt

Check triple point

Check meniscus height

Form the beta seed

Form cap seed

Layer formation 

Layer analysis

Decision

Final Shim adjustment
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Three X-ray views limits the isolated defects 

that we can detect
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x-ray views

grooves

At NIF presently we have a limited 

view of defects

There is more information in the LEH 

view if we can enhance contrast

CH capsule

Ice layer

Ge-doped layer



-phase 

shift grating

Grating separation dT

1

The interference pattern I(x), as seen by the CCD, is

I(x) = a0(x) + am(x) cos(2 mx/p2 + m(x));  m is the 
diffraction mode

a0(x) provides absorption “brightfield contrast” information
a1(x)/a0(x) provides coherence “darkfield contrast” 
information

1(x) provides beam deflection angle “differential phase 
contrast” information

p1

p2

m = 1

∞

I(x)

L distance 

to the source

Talbot order n

0  1   2   3   4   5    6    7

M. BECH , “X-ray imaging with a 

grating interferometer,” Ph.D Thesis, 

Niels Bohr Institute, University of 

Copenhagen,  May 2009

analyzer

grating

CCD pixel

20 um

~ 2.4 um

@ capsule

p2 = p1 / 2

Absorption 

image

Phase 

image

We are exploring using phase contrast, the “Talbot 

effect,” to find defects not on a limb
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CryoTARPOS in the 
Integrated Test Facility 
just prior to packaging 

for the move
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Layering behavior for DT and HT is similar
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Advances in target fabrication improve margin over 

uncertainty
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The removal rate for polishing is modeled using a 

Modified Preston Equation for insights on process

tcrp ffvk
dt

dh

• Function of  

load and 

mechanical 

properties of 

capsule

Fraction of 

surface area in 

contact
• Time and 

spatial average 
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media and 
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Relative 
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• Average 

pressure at 

capsule-media 

contact
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contact

• Function of 
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Xray view through starburst

First ice layer in a THD target meeting all 

measureable ice specifications

(CH capsule, ICCS controls, NIF-like cryo

system, NIF-like xray metrology)

Ice layer

Capsule 

Inner wall

Capsule 

Outer wall

Layering done in Ignition Target Proofing System (ITPS) in B298NIF-0710-19435.ppt 75Hamza, Dr. Steven E. Koonin - July 7, 2010



Radiographs from synchrotron run
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Tomographic slice of capsule being evaluated for 

homogeneity
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We can estimate the small refraction angle of x-rays 

at a DT ice groove with an area of 200 um2

g(x) =    
1+(x/w)2

D

Groove area = D w

D = -4.5 m

W = 11.5 m

From Snell’s law

R = - y/ x = - DT g’(x)

where DT is the refractive index

of DT ice

Note that each minor division 

one pixel at the CCD

The resulting phase shift at the interferometer

1(x) = 2 R(x) dT / p2

1(x) ≥ 12.5 mrad for R(x) = 100nrad
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Top View Side View
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